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A new simulation technique for the beam tail is proposed. This technique provides· a mean
to investigate the beam tails due to random processes in storage rings. Only core particles are
tracked in random processes. Bremsstrahlungs from a beam-beam interaction and beam-residual
gas in the ring are considered as examples. This simulation shows good agreements with the
results of solvable models. It is shown that the variations in the longitudinal motion due to
random processes have an effect on the vertical tail distribution in the presence of a beam-beam
interaction. An estimate of the beam tails for KEKB is presented.
1 INTRODUCTION
The distribution of particles can be classified into two regimes: the core
region and the tail region. The core distribution determines the luminosity,
while the tail distribution determines the beam lifetime and the detector
backgrounds. It is important to evaluate these particle distributions for the
successful design of a machine. Accordingly, it is necessary to obtain reliable
information concerning the form of the core distribution and about the tail of
the distribution. It is important to calculate beam distributions by considering
several processes which affect the beam tails. It is not always possible to
obtain beam distributions by analytical treatments. In the optimization of the
machine parameters, we also need some quick way to evaluate the tail. It is
thus desirable to investigate the beam distributions by available simulation
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techniques. Analytical treatments and computer simulations to show beam
tails have been attempted by several authors. Brute-force tracking to simulate
beam tails seems to be the most reliable. However, it requires a huge number
of turns and a tremendous amount of CPU time. In particular, if rare random
processes are concerned, it is actually impossible to obtain results with
sufficient statistics.
J. Irwin proposed a method to reduce the CPU time in simulating the
beam tail for a beam-beam interaction; it was performed by tracking only
tail particles. 1 The same method was also developed independently by D.N.
Shatilov, who extended this method to investigate beam tails due to scattering
on the residual gas.2 The beam tail is obtained by considering the contribution
of small angle scattering which occurs with a high degree of probability.
However, in a random process, a particle can reach the tail through a single
process (single event) from the core or through a few process (several single
event). Accordingly, it is not sufficient to consider small amplitude and
frequent random processes only when we estimate the beam tail. Rare and
large amplitude random processes might contribute to the tail distribution
considerably. Thus, we will investigate the beam tails caused by the rare
and large amplitude processes from the core. In addition, tail particles are
tracked for other deterministic processes, such as the beam-beam interaction,
through which we will examine the combined effects of these deterministic
and random processes on the tail.
The aim of the present paper is to propose a simple and fast simulation
technique for various rare random processes on the beam tails. For such a
technique to be reliable, it should be able to reproduce the results of solvable
cases.3 The effects of simplified beam-beam bremsstrahlung at the interaction
point(IP) and beam-residual gas bremsstrahlung in the ring are considered for
this purpose. It is shown that results of this simulation technique show good
agreement with these solva];Jle cases. We thus expect that this simulation
technique is applicable to obtain beam tails in the cases of analytically
unsolvable random processes. Beam tails due to beam-beam bremsstrahlung
including a beam-beam interaction is the one case which can not be solved by
an analytical calculation. It can be investigated using the present technique
for the design parameters of KEKB. It will be shown that bremsstrahlungs
resulting from beam-beam and beam-residual gas molecules for the actual
vacuum pressures in the ring do not affect the core distribution of the beam.
Instead, these bremsstrahlungs can produce tail particles. In the presence of
the energy aperture, this process leads to a steady loss of particles. The beam
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lifetime will be estimated in simulation by counting number of the particles
extending beyond energy aperture.
This paper is organized as follows: in Section 2 the simulation technique is
described. In Section 3 the results of the simulation technique is checked by a
comparison with those of analytically solvable examples. Some applications
are given in Section 4, and Section 5 is devoted to a discussion and
conclusions.
2 DESCRIPTION OF SIMULATION TECHNIQUE
Suppose that an electron beam passes through a ring and undergoes random
processes. As an example, we can consider the case in which an electron
loses energy by random processes. We describe a method which can be used
to simulate these processes and to find the equilibrium state.
Many turns in tracking are required to obtain information concerning the
tail distribution in a beam. The tracking ofa smaller number ofmacroparticles
requires a larger number of turns to obtain equilibrium state. Here, the
minimum number of macroparticles for tracking must be larger than the
number of the random processes occurring during one tum in the ring.
The initial distributions of n macroparticles in the phase spaces are given
randomly with specified variances. Each macroparticle i has a particle
number (Ni); ~Ni is the total number of particles in the beam (i =
1,2, ... , n). Let P be the probability that an electron undergoes a random
process in one tum. The probability that each macroparticle undergoes a
--random process is NiP, which should be sufficiently less than 1. Once an
electron in a macroparticle undergoes this process (the probability is Ni p),
we create a new macroparticle (n + 1)-th. This new macroparticle has one
particle (Ni +1=1) and the macroparticle which undergone a random process
now has a number of particles Ni - 1.
The main idea is that once a random process occurs in an electron of the
macroparticle, the probability that this electron will successively undergo
random processes can be ignored. Thus, it is different from the method of
D.N. Shatilov regarding the fact that the contribution to the tail distribution
in our simulation is only characterized by a single random process from the
core region.
We assume that the variation in the random variable due to a random
process is limited to a range between a minimum and a maximum value.
252 E-S.KlM
This minimum value influences the magnitude of the probability that a
particle undergoes a random process; however the distribution of the beam
tail does not have to be altered by selecting this minimum value. The
variation in the random variable due to a random process can be obtained
by the following way. First, calculate the probability (P == NiP) that a
macroparticle undergoes a random process in the ring, and generate one
uniform random number (0 :::s x :::s 1). If x < P, a random process
occurs for the macroparticle. Second, generate a uniform random number
(e1) in the interval between the minimum value (ec) and the maximum
value (em) and one uniform random number in the interval 0 < y <
( d~~8) ) , and compare y and ( d~~8) ) • Here e is the energy random
max 8=8}
variable and ( d~~8) t=8' is the cross-section corresponding to the £/. If
y < (d~~8) ) 8=8,' the random variation corresponding to £1 is given to an
electron. If y > ( d~~8) ) 8=8,' discard these £1 and y, and generate new £1
and y until the relation y < ( d~~8) ) 8=8, holds.
The minimum cutoff energy should be small enough and one should find
a reasonable value for each random processes by trying several values. In
our examples, we use 0.001 % of the nominal energy as the minimum cutoff
energy. It is shown that the equilibrium beam distributions are little changed
by variations of this parameter of around 0.001 %. An example to show this
fact will be given in Section 3.1.
Here, let us apply the above simulation technique to a simplified beam-
residual gas bremsstrahlung in the ring and beam-beam bremsstrahlung at
IP. Each macroparticle in a beam is tracked through (1) a random process,
(2) synchrotron oscillation and (3) synchrotron radiation. These procedures
are repeated until a beam has completed one tum; then, the energy of each
macroparticle is binned in each process per tum.
The motion of each macroparticle is as follows:







where z, Eo, a:, 0'% and e'(=E - Eo) are the longitudinal displacement,
nominal energy, nominal bunch length, relative energy spread and energy
deviation due to a random process, respectively.




where s' is given by values between the minimum energy and the energy
aperture of the beam. If several kinds of random processes occur in the ring,
we can apply these processes separately.
3. Synchrotron Oscillation: The transformations from IP to IP are just
rotations:
(Z) == (C?S 2:rrvsE SIn 2:rrvs
4. Synchrotron Radiation:




where r is an independent, random Gaussian variable with a unit standard
deviation and zero mean. Here, the damping factor is defined by As ==
exp[-l/Le], where Le denotes the longitudinal damping time normalized
by the revolution time.
At any given tum the statistical fluctuation in the beam distribution
associated with the finiteness of the numbers of macroparticles can become
rather large. However, it may be reduced by successively binning the energies
of the macroparticles every tum, and by averaging the number of particles in
each energy bin over many turns.
As the number of new macroparticles increases, the simulation program
requires larger arrays. Thus, the number of new macroparticles which can
be tracked in a simulation is limited. On the other hand, it will be shown
that new macroparticles reach their equilibrium state in two longitudinal
damping times. Thus, new macroparticles are only tracked and binned for two
longitudinal damping times after they are produced by the random processes,
although the original macroparticles are continuously tracked and binned in
each process. The array sizes that are needed by this simulation can be reduced
by this technique, and we can perform long-term runs.
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3 CHECKING THE METHOD BY SOLVABLE MODELS
To show the validity of the simulation technique, we compare the results of
the simulation with those of the solvable model.
Here, we apply the method of Ref. 3 to a longitudinal random process in
order to make a solvable model. The probability that an electron loses energy
£ is given by
1 dO'f(s) == --.
a tot d£
When a longitudinal random process occurs, then its contribution to
equilibrium distribution has the expression
exp [ N100 dt{1(Ke-2t / r, sin(¢ + wt)/(Eoa;)) -1}] , (5)
where ¢ == tan- 1K2/K1. The factor 2/re comes from the longitudinal
damping factor; this factor becomes l/rx,y in the case of transverse motions.
We assume that the number of synchrotron oscillations during one damping
time is very large. We can then replace the synchrotron oscillation by an
average over each synchrotron period. Let us introduce
A 100 12][ d¢ ~feu) == dt -[f(ue-t sin¢) - 1]
o 0 2n
_ 2 11 R [l(uz)] - 1 -1
- - dz cos z.
n 0 z
(6)
Note that j (u) is a real function, regardless of the original probability density
1 (£). In fact, only the real part of1(u) remains after averaging over the phase
space angle ¢,
l(u) = f dcf(c) COSUC.
Then Equation (5) can be written as
[ Nrc A ( K )]exp --I --02 EOO'E
(7)
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and the distribution function is given by
1/ [K2 N~ A( K )]peE) == - dKcos(KE)exp -- +--f -- ,
n 2 2 ~~
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(8)
which is normalized to unity, f p(E)dE = 1. N is the number of times that
a particle undergoes random processes per unit time.
To see the effects of tails in the longitudinal distribution, we consider the
case of beam-gas bremsstrahlung in the ring and beam-beam bremsstrahlung
at IP as examples.
When we examine the dependence of the simulation results on the number
of turns and the number of macroparticles, it is shown that there is no great
differences in the number of turns to reach their equilibrium states if we track
over around 20000 macroparticles. We performed a weak-strong simulation
with 40000 macroparticles in the phase spaces. The results of a simulation
for the design parameters of KEKB were obtained.
3.1 Beam-Residual Gas Bremsstrahlung
An electron with energy Eo, which passes a molecule of the residual gas,
is deflected in the electric field of the nucleus. The electron loses its energy
due to the radiation emitted when an electron is deflected. There is a certain
probability that a photon with energy u is emitted, producing an electron with
energy E', where E' + u == Eo. The differential cross-section for an energy
loss due to bremsstrahlung between E and E + dE is given by
du E' [( E 2 + E,2 2 ) 183 1]da==4ar2Z(Z+I)-- 0 __ log--+-
e u Eo EoE' 3 Z 1/3 9 '
(9)
where Z, a and r e denote the atomic number, the fine-structure constant and
the classical electron radius, respectively.4 If we expand Equation (9) by ~
and take first-order term, we obtain
2 ( 4 183 1) duda == 4are Z(Z + 1) -log --r/3 + - -.3 Z 9 u (10)
The above formula for the cross-section gives the distribution function feu)
for a photon,
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1 da 1 1feu) == -- == ---.
a du log U max Utot Umin
(11)
We assume that one type of molecule uniformly exists in the ring, so that
N == Qatot C, (12)
where a tot is the cross-section of the beam-residual gas bremsstrahlung, C is
the velocity of the light and Q is the number of gas molecules in a unit
volume, which is given by
Here, n is the number of atoms in each gas molecule and Pa is the partial
pressure of the gas in pascals. The probability that an electron radiates
bremsstrahlung during one damping time is given by
Usually, the CO molecule dominates the bremsstrahlung by the residual
gas. a tot becomes 5.6 x 10-28 m2 when the minimum cutoff energy and
energy aperture are set to 0.001 % and 1% of the beam energy, respectively. It
is assulI!ed in a simulation that residual gas uniformly exists in the ring. Thus,
NB-G corresponds to 2.7 x10-7 and 2.7 x10-6 in i 8 =2300 for Pa =10-9
Torr and Pa =10-8 Torr, respectively.
Figures l(a) and (b) show the energy distributions produced from the
tracking of synchrotron oscillation, synchrotron radiation and beam-residual
gas bremsstrahlung, which correspond to a vacuum pressure of 10-9 Torr and
10-8 Torr, respectively. The dotted lines that are drawn from the simulation
show the distribution in the equilibrium state. It is shown that the core
and tail parts of the distribution are smoothly connected as the number of
turns increases. The arrows show equilibrium distribution obtained from the
,solvable model; they are marked up to E =15, which corresponds to the energy
aperture in the KEKB design. We can see from Figures l(a) and (b) that the
result of the simulation shows good agreement with that of the solvable
model. This means that this simulation is useful for the obtaining the beam
tails for a random process. Some particles extend to beyond energy aperture,
which corresponds to around 1% of the beam energy in KEKB. It shows that














FIGURE 1 (a) and (b) show the energy distributions for the tracking ofsynchrotron oscillation,
synchrotron radiation and beam-residual gas bremsstrahlung for vacuum pressures of 10-9 Torr
and 10-8 Torr, respectively. The arrow symbols in (a) and (b) show the distributions obtained
from the solvable model; (c) shows the energy distribution for the tracking of synchrotron
oscillation and synchrotron radiation. (d) shows the energy distribution for a vacuum pressure
of 10-9 Torr when minimum cutoff energy is given by 0.0001 % of the nominal beam energy.
The horizontal axis is E, the energy deviation normalized by the energy spread, the vertical
axis represents the distribution in E measured using a logarithmic scale. The number of initial
macropartices and turns are 40000 and 92000, respectively. Ts =2300 and vs=O.Ol.
vacuum pressure plays an important role in determining the beam tails in
beam-residual gas bremsstrahlung.
Figure 1(c) shows the energy distribution produced from the tracking of the
synchrotron oscillation and synchrotron radiation. It may be inferred that the
beam tails in Figures 1(a) and (b) are caused by the influence ofbeam-residual
gas bremsstrahlung.
Figure l(d) shows the energy distribution for a vacuum pressure of 10-9
Torr when the minimum cutoff energy is 0.0001 % of the nominal beam
energy. It shows the same distribution as the Figure l(a) in which the
minimum cutoff energy is 0.001 % of the nominal beam energy. This shows
an example that the value of 0.001 % of the nominal beam energy in our
simulation is reasonable as the minimum cutoff energy.
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3.2 Beam-Beam Bremsstrahlung with Transverse Independence
As is well known, the cross-section for the ultra-relativistic case, in which
an electron loses an energy of Q, due to electron-positron bremsstrahlung
(Figure2), can be derived from standard QED,
2 dQ £1 - Q (£1 £1 - Q 2)dO' == 4ar -- + - -
e Q £1 £1 - Q £1 3
(




where a, r e , m, Q, £1 and £2 denote the fine-structure constant, the classical
electron radius, the mass of an electron and the energy of the photon, electron
and positron, respectively.5 Putting ~ == y into Equation (13) gives
16 2 dy ( 3 2) ( 4£1£2(1 - y) 1 )dO' == -are - 1 - y + -y log - - . (14)
3 y 4 m2y 2
Usually, the event rate is calculated as a product of the luminosity and
the cross-section. However, this calculation is not valid in the case of the
electron-positron bremsstrahlung process. It has been observed that the
number of photons emitted in this process is less than those of a standard
QED calculation. This fact is due to the effect that the characteristic impact
parameters are much larger than the transverse beam sizes at IP. This leads
to a decrease in the observed rate of event. This reduction can be included in
the cross-section as a correction.6,7
When the influence of the transverse dimensions of a beam is con-
sidered, the corrected differential cross-section due to electron-positron
bremsstrahlung is determined by using the following formula: 8
where y denotes Euler's constant and a= ax+ay ,ax and ay are the beam sizesax ay
in the transverse directions.
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(16)
If we assume that a positron beam has a uniform distribution of density
-2N2 at IP, the event rate that an electron loses energy due to the beam-beam
nO'xO'y
bremsstrahlung per unit time can be given by
a cor N2!
N == ,2nax ay
where a cor, ! and N2 are the corrected bremsstrahlung cross-section,
revolution frequency and number of particles in the positron beam, respec-
tively. In this case, all of the macroparticles in the electron beam have the
same beam-beam bremsstrahlung probability when they pass· through the
positron beam at IP. Accordingly, the event rate that an electron radiates
bremsstrahlung during one damping time is
According to the parameters of the KEKB design, we use ax =77~m and
ay= 1.89~m, N2= 3.3 x 1010, and Ts=2300. a cor becomes 3.64 x 10-29m2
when the minimum energy and energy aperture are set to 0.001 % and 1% of
the beam energy, respectively. We then obtain NB-B =3.0 x 10-6 .
~ ...t---....:...-_-~
FIGURE 2 Feynman diagram for electron-positron bremsstrahlung. Here, E 1 and E 2 denote
the energies of the electron and positron, respectively. E~ denotes the energy of an electron after
radiating a photon of energy n.
Figure 3(a) shows the energy distribution of an electron beam produced
from the tracking ofbeam-beam bremsstrahlung, synchrotron oscillation and
synchrotron radiation. The dotted lines shows the equilibrium distribution
which is obtained from the simulation. The arrows indicate the equilibrium
distribution obtained from solvable model, in which NB - B corresponds to
3.0 x 10-6. As in the case of beam-residual gas bremsstrahlung, this result
again shows good agreement with the solvable model. Some particles also
extended to beyond the energy aperture and they are eliminated when the
energy aperture limitation is applied in the tracking.
-10
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FIGURE 3 (a) and (b) show the energy distributions for tracking the beam-beam bremsstrahlung,
synchrotron oscillation and'synchrotron radiation. (a) is for the case in which beam-beam
bremsstrahlung does not depend on the transverse positions of the macroparticle at IP. (b) is
for the case in which t he beam-beam bremsstrahlung depends on the transverse positions of
the macroparticle at IP. The Arrows in (a) indicate the distribution obtained from the solvable
model. The horizontal axis is E, the energy deviation normalized by the energy spread, and the
vertical axis represents the distribution in E measured using a logarithmic scale. The number of
initial macroparticles and turns are 40000 and 46000, respectively. Ts=2300, Tx =4600, Ty=4600,
vs=O.Ol, vx =47.52 and vy=43.08.
It can be seen from the above two examples that the simulation shows good
agreements with the solvable model. With the base of this checking, it will
be interesting to apply this simulation to unsolvable examples.
4 APPLICATION
For practical purposes, we consider random processes with a nonuniform
density distribution. Then, it requires transverse motion as well as longitudi-
nal motion of the macroparticle in the tracking as follows.








where a% ' a~ and fil P are nominal values of the transverse beam sizes and
betatron function at IP, respectively.
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2. Beam-Beam Interaction: In the case of a flat beam, all of the betatron
parameters refer to the vertical plane:9 ,lO
Q--+Q+8Q,
z --+ Z,
E --+ E + Rz8Q(Q + 8Q/2) - G,

















X is not affected by the beam-beam interaction. The beam-beam interaction
becomes more accurate when we include the horizontal kick as well as the
vertical kick as shown in Ref. 9. However, we have simplified that the beam
is very flat and the horizontal beam-beam kick is ignorable. This is mainly
because of CPU time and memory restrictions. If there is a strong coupling
resonances between horizontal and vertical oscillations, or horizontal and
longitudinal oscillations, the horizontal kick will be absolutely necessary.
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3. Betatron Oscillation: The transformations from IP to IP are just the
following rotations:
(X) == ( co~ 2n VxP - SIn 2nvx
(Y) == ( co~ 2n vyQ - SIn 2nvy
4. Synchrotron Radiation:
sin2nvx ) (X) ,
COS 2nvx P




X ~ A X + (1 - A 2)1/2tx x 1,





where the fl s are independent, random Gaussian variables with a unit standard
deviation. Here, the A's are damping factors defined by Ax == exp(-1jTx)
and A y == exp(-1jTy), where the Tx and Ty denote the transverse damping
times normalized by the revolution time, respectively.
4.1 Simulation for Beam-Beam Bremsstrahlung with a Transverse
Dependence
In Section 3.2 we have assumed the case in which the beam-beam brems-
strahlung probability does not depend on the transverse positions of the
macroparticles at IP. Actually, the probability that particles in the beam
undergo beam-beam bremsstrahlung has a dependence on their transverse
positions at IP. With the tracking of the longitudinal and transverse motions,
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Figure 3(b) shows the energy distribution for the tracking of beam-beam
bremsstrahlung, betatron oscillation, synchrotron oscillation and synchrotron
radiation. This tracking does not include the beam-beam interaction of
Equations (18)-(21). We can see from Figures 3(a) and (b) that the tail
distribution in beam-beam bremsstrahlung with transverse independence has
a higher density distribution than that of beam-beam bremsstrahlung with a
transverse dependence.
Figures 4(a) and (b) show the energy distributions after four longitudinal
damping times for tracking the beam-beam bremsstrahlung, betatron oscilla-
tion, synchrotron oscillation and synchrotron radiation. Here, Figure 4(a) is
the distribution for the case that new macroparticles are only tracked during
two longitudinal damping times after their production. On the other hand,
Figure 4(b) shows the distribution for the case that new macroparticles are
continuously tracked after their production. This comparison shows good
agreement. The method by which new macroparticles are tracked for two
longitudinal damping times can solve the problem for large arrays needed
due to an increasing number of new macroparticles. This m*es it possible
to run long-term and to reduce the amount of CPU time in oUf simulation.
It is also shown that the core and tail parts of the distribution are smoothly
connected as the number of turns incre~ses more and more. This means that




FIGURE 4 Energy distributions after four longitudinal damping times from the tracking
of beam-beam bremsstrahlung, betatron oscillation, synchrotron oscillation and synchrotron
radiation. (a) is the case in which new macroparticles are only tracked during two longitudinal
damping times (4600 turns) after they are generated; (b) is the case that new macroparticles are
continuously tracked until four longitudinal damping times. The horizontal axis is E, the energy
deviation normalized by the energy spread, and the vertical axis represents the distribution in E
measured using a logarithmic scale. The number of initial macroparticles and turns are 40000
and 9200, respectively; r£=2300, rx =4600, ry=4600, vs=O.Ol, vx =47.52 and vy=43.08.
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4.2 Beam-Beam Bremsstrahlung and Beam-Beam Interaction
Figures 5(a) and (b) show the energy and vertical distributionsproduced from
tracking through the beam-beam bremsstrahlung, beam-beam interaction,
betatron oscillation, synchrotron oscillation and synchrotron radiation. Here,
beam-beam bremsstrahlung with a transverse dependence is considered. The
nominal vertical beam-beam parameter (~y) is 0.052 and the beam-beam
interaction for a flat beam is considered. Beam-beam interaction does not
contribute to the energy distribution remarkably so that Figure 5(a) shows the
same distribution as Figure 3(b). However, it can be shown from Figure 5(b)
that the variations in the energies due to beam-beam bremsstrahlung have
an effect on the vertical tail distribution in the presence of beam-beam
interaction.
Figure 5(c) shows the vertical distribution for the case that beam-beam
bremsstrahlung is not included in Figure 5(b). From the fact that Figure 5(c)
does not show a beam tail, it can be inferred that a vertical tail is produced
by coupling between the longitudinal and transverse motions. This shows
one mechanism by which the energy tail drives the betatron tail through the
beam-beam interaction.
It is natural to expect that this mechanism. works more strongly near
resonances. As an example, we put tunes to a resonance 2vs -vy = integer.
Figure 5(d) shows the vertical distribution for the case v y =43.02, which is
different from Figure. 5(b) only in the vertical tune, which is v y =43.08,
and represents the beam tail for the case of an analytically unsolvable
random process. Figure 5(e) shows the vertical distribution for the case that
a beam-beam interaction is not included in Figure 5(d). We can see from
Figures 5(d) and (e) that the tail particles in the vertical distribution are
excited by the resonance due to the 2vs -vy =integer. However, it is shown
that tail particles in the energy distribution are not excited by the resonance
due to the fact that 2vs-vy = integer.
Bunch length effect in the beam-beam interaction is included in Equa-
tion (18)-(24). We have represented the beam-beam interaction by a single
kick every tum. When a~ is comparable to f3~P, it is more accurate if
we divide strong beam into several slices longitudinally and represent the
beam-beam interaction by several repetitions ofthe kick and a drift. I I To see
dependence on the number of longitudinal slices in strong beam to the tails,
we compare beam tails in cases of one and five slices. Figure 5(f) shows the
comparison. With five slices, the tail decreases a little. For more number of
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FIGURE 5 (a) Energy and (b) vertical distributions for beam-beam bremsstrahlung, beam-
beam interaction, betatron oscillation, synchrotron oscillation and synchrotron radiation after
1012000 turns; (c) shows the vertical distribution after 1012000 turns for the case in which
the beam-beam bremsstrahlung is not included in (b); (d) shows the vertical distribution after
506000 turns for vy=43.02, which is different from (b) in the vertical tune, which is vy=43.08;
(e) shows the vertical distribution after 1012000 turns for the case in which the beam-beam
bremsstrahlung is not included in (d). (f) shows the vertical distribution after 230000 turns with
different number of slices (l and 5 slices). The horizontal axes are E, the energy deviation
normalized by the relative energy spread, and Y, the distance normalized by the nominal beam
size. The vertical axes represent the distributions in E or Y measured using the logarithmic scale.
The number of initial macroparticles is 40000; 1'£=2300, Tx =4600, Ty=4600, vs =O.OI, ~y=0.052
and vx =47.52. vy's in [(a),(b),(c)] and [(d),(e),(f)] are 43.08 and 43.02, respectively.
slices, the distribution is almost the same as the case of five slices. To be more
accurate, in particular the case with longer (J~ or smaller fJ~P, one should
pay more attention to the number of slices.
4.3 Beam-Beam, Beam-Gas Bremsstrahlung and Beam-Beam
Interaction
Figures 6(a), (b) and (c) show the energy and vertical distribution pro-
duced from tracking through the beam-beam bremsstrahlung, beam-beam
interaction, betatron oscillation, synchrotron oscillation, synchrotron ra-
diation and beam-gas bremsstrahlung for a pressure of 10-9 Torr. The
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FIGURE 6 (a) Energy and (b) vertical distributions for the beam-beam bremsstrahlung,
beam-beam interaction, betatron oscillation, synchrotron oscillation, synchrotron radiation and
beam-gas bremsstrahlung after 1012000 turns; (c) shows the vertical distribution after 506000
turns for vy=43.02, which is only different from (b) in vy, which is vy=43.08. The horizontal
axes are E, the energy deviation normalized by the relative energy spread, and Y, the distance
normalized by the nominal beam size. The vertical axes represent the distributions in E
or Y measured using the logarithmic scale. The number of initial macroparticles is 40000;
i 8 =2300, i x =4600, i y=4600, vs =O.OI and vx =47.52. vy's in [(a),(b)] and (c) are 43.08 and
43.02, respectively.
The nominal vertical beam-beam tune shift parameter (~y) is 0.052, and the
beam-beam interaction for a flat beam is considered. Since the effect of
beam-beam bremsstrahlung on the beam tail is larger than that of beam-gas
bremsstrahlung in 10-9 Torr, Figures 6(a) and (b) show the same distributions
as Figure 5(a) and Figure 5(b), though the effect of beam-gas bremsstrahlung
is included in Figure 6(a) and (b).
Figure 6(c) shows the vertical distribution for the case v y =43.02, which
is only different from Figure 6(b) in the vertical tune, which is v y =43.08.
Figure 6(c) also shows the same distribution as Figure 5(d).
It is shown that beam-beam interaction strongly affects particles with large
amplitudes concerning the longitudinal motions. This can be derived from
the fact that vertical tails are produced by beam-beam bremsstrahlung and
beam-gas bremsstrahlung in the presence of a beam-beam interaction. Since
the tails of the energy distribution and vertical distribution have no influence
on the rms beam sizes, the core distribution remains Gaussian. However,
these tails may affect the detector backgrounds.
4.4 Lifetime as a Function of Aperture
In this section, we discuss the electron beam lifetime as a function ofapertures
for KEKB. Three energy apertures (£=10, £=15 and £=20) and three
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vertical apertures (15a; / fJ~P, 20a~/ fJ~ p and 25a~ / fJ~ p) at IP are assumed
for this purpose. In the simulation, the maximum cutoff energy has to be
set to the nominal beam energy in order to include all the lost particles.
Sufficient large angle in the scattering has to be considered in order to include
particles escaping the transverse aperture. We assumed a horizontal aperture
of 40a~/ fJl P and used a design vacuum pressure value of 1.0 x 10-9 Torr.
Coordinates of each particle are compared with the apertures in each tum and
particle which falls outside the apertures is eliminated from further trackings.




where N is the number of particles in the electron beam (N=1.4 x 1010) and
~~ 'is obtained by counting the number of particles that exceed the aperture.

















15a; / f3; p
5401 hours
7.8 hours






Table I shows the result of the simulation for the beam-beam bremsstrah-
lung and the beam-residual gas bremsstrahlung. In the case of £=15, which
corresponds to the 1% of the electron beam energy in KEKB, the beam
lifetime due to the beam-beam bremsstrahlung is estimated to around 7.3
hours. Table II shows the result of the simulation for the beam-residual gas
scattering and the Bhabha scattering. Each random process in simulation
independently affects the lifetime so that the lifetime due to above considered
four random processes is given by individual contribution of each random
process on the lifetime.
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If we estimate the lifetime including the beam-beam interaction to above
considered four random processes, it gives the lifetime around 3.8 hours
in the aperture limitations of 40a%lfJ;P, 20a;lfJ~P and £=15 for KEKB.
It is shown that particle loss due to the beam-beam bremsstrahlung plays
important role on electron beam lifetime for KEKB.
5 DISCUSSION AND CONCLUSION
Two simplifications were employed for our simulation to be valid: first, once
a particle undergoes a random process, it does not undergo a random process
again. The minimum cutoff energy that actually determines the probability
for a random process is a free parameter in this simulation. The choice of
a too small cutoff energy reduce the efficiency of this simulation, without
giving any contribution to the tail distribution; and large cutoff energy can
result in larger statistical fluctuations.
Secondly, we assumed that new macroparticles reach an equilibrium state
during two longitudinal damping times. This assumption makes it possible
to simulate long-term runs.
The beam-beam interaction increases the core size of the beam, especially
in the vertical direction for a flat beam. Thus, ifwe perform random processes
in the simulation after obtaining a beam tail due to the beam-beam interaction,
we can not identify the contribution of the beam tail in the vertical direction,
due to the effects of the random processes. This is because the beam tail due
to random processes is hidden by the core, which is already broadened by
beam-beam interaction.
The beam tails for the parameters of the KEKB design are more
affected by the influence ofbeam-beam bremsstrahlung rather than beam-gas
bremsstrahlung at a vacuum pressure of 10-9 Torr.
A new simulation technique for beam tails is presented. This simulation
method provides a simple and fast means to obtain the tail distributions due to
various random processes in the storage rings. This simulation showeda good
agreement in the longitudinal distribution for the solvable cases. However, the
tail distribution which we have obtained should be checked by a brute-force
simulation. On the other hand, if random processes that produce beam tails
occur with high probability, this situation requires us to generate more new
macroparticles in our simulation. We would thus need more tracking times
in this case. To produce a more realistic beam tail that results from the effects
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of random processes, it is desirable that both single processes from the core
and multiple processes be considered in the simulation.
The dynamical effect due to the beam-beam interaction and the con;..
tribution of small amplitude scattering to the tail can be obtained by the
simulation methods of J. Irwin and D.N. Shatilov, respectively. The effect
of large amplitude scattering on the tail can be treated by this simulation
method. Actually, beam tail can be affected by contributions of small
amplitude and large amplitude in a random process. Accordingly, a complete
estimate of the beam tail· requires a simulation method that includes both
D.N. Shatilov's method and this method. However, it is difficult to combine
them simultaneously.
Future work will include studies of the parametric dependence and the
combined effects of beam tails with nonlinearities from the lattice. Then the
horizontal beam-beam kick will also be considered.
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